revealed that CUL4B expression is enhanced in breast cancer cells and human hepatocellular carcinoma, and its overexpression predicts poor prognosis and promotes tumor cell proliferation. 10, 11 It has been demonstrated that CUL4B together with Myc can promote tumor cell proliferation. 12 However, it is not well understood whether CUL4B exerts any of these effects in the development of human HNSCC. This prompted us to investigate the role of CUL4B in HNSCC.
The Wnt/β-catenin signaling pathway is conserved throughout evolution and is crucial during both normal embryonic development and throughout the life to maintain homeostasis of in virtually every tissue. The Wnt/β-catenin pathway is initiated by Wnt family ligands, secreted lipoglycoproteins that act to the frizzled (FZD) family receptors. The accumulated nuclear β-catenin can interact directly with Tcell transcription factor (TCF) and other factors to drive specific gene expression, potentially activating genes involved in proliferation and transformation.
Our results indicated that CUL4B promotes HNSCC cell growth and metastasis via stimulating angiogenesis and activating the Wnt/β-catenin signaling pathway. These results suggest that the level CUL4B is a marker of therapeutic efficacy and a promising target in the treatment of HNSCC.
| MATERIALS AND METHODS

| Cell culture and reagents
The human HNSCC cell line JHU-012 was procured from American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 medium supplemented with 100 µg/mL streptomycin, 100 units/mL penicillin, and 10% heat-inactivated newborn calf serum (Invitrogen). Cells were tested for mycoplasma every six months using MycoAlert Detection Kit (Lonza).
| IHC (Immunohistochemistry)
The human HNSCC tissue microarrays (paraffin-embedded), including follow-up survival information, were provided by SuperBioChips. The arrays underwent incubation with anti-CUL4B antibody (1:200) in 0.1% Triton X-100 and 5% bovine serum albumin/PBS (Sigma) for sixteen hours at 4°C. Then, the fixed cells were incubated in 0.1 mol/L Tris-HCl, pH 7.5, containing 0.05 mol/L acetic acid (chondroitinase reaction buffer) and 0.5 units/mL protease-free chondroitinase ABC (Sigma) for two hours at 37°C. After three washes, the cells were incubated in blocking solution and stained with 1B5 antibody (1:20) and Alexa 488-conjugated goat anti-mouse IgG (1:100, Thermo Fisher Scientific Inc, Waltham, MA, USA). The immunostaining was observed using 3,3-diaminobenzidine and counterstained with hematoxylin (Sigma) using the UltraVision Quanto Detection System (Thermo Fisher Scientific Inc). The distribution and positive intensity of CUL4B were analyzed by two individuals in a doubleblind experimental design. The staining scores were assigned according to the percentage of positive tumor cells (0, 0%; 1, <25%; 2, 25-50%; 3, 51-75%; and 4, >75%) and staining intensity (0, none; 1, weakly stained; 2, moderately stained; and 3, strongly stained).
| Quantitative real-time PCR
Total RNA was isolated using TRIzol reagent (Invitrogen). One microgram of total RNA was used in a reverse transcription reaction using the PrimeScript™ RT Reagent Kit (TaKaRa). Real-time PCR was performed on the cDNA. The specificity of amplification by the primers was confirmed by sequencing the PCR products. Primers are as followed: CUL4B, forward: 5′-CCTGGAGTTTGTAGGGTTTGAT-3′, reverse: 5′-GAGACGGTGGTAGAAGATTTGG-3′; β-actin, forward: 5′-TTAGTTGCGTTACACCCTTTC-3′, reverse: 5′-ACCTTCACCGTTCCAGTTT-3′.
| Transfection
For the overexpression experiments, CUL4B cDNA was subcloned into pcDNA3.1. Cells were transfected with plasmids using Lipofectamine 2000 (Invitrogen). The pcDNA3.1 plasmid was used as a control. Transfected cells were selected with 5 μg/mL G418 for two weeks. For shRNA knockdown experiments, two pLKO/CUL4B-shRNA plasmids were obtained from Santa Cruz Biotechnology. The short hairpin RNA (shRNA) plasmids were transfected and selected using 3 μg/mL puromycin for two weeks.
| Western blotting
Western blotting was performed with antibodies against LOX, MMP2, MMP9 (Cell Signaling Technology), ZO-1, vimentin, VEGF, β-actin (Abcam), β-catenin, cyclin D1, c-myc, MMP7, and p-GSK3β Ser9 (Santa Cruz Biotechnology).
| Cell proliferation and colony formation
Cells (4 × 10 4 ) were seeded into 6-well plates with culture medium. The analysis of the viable cells was carried out using an MTS assay at 0, 24, 48, and 72 hours. For the anchorage-dependent colony formation assay, indicated cells were seeded in 6-well plates and incubated for two weeks. Colonies were fixed with methanol and stained with 0.1% crystal violet (Sigma) and colonies were counted. The colony numbers were counted using Image-pro 3D Suite software version 5. 
| Cell migration and invasion assay
Transwell inserts for 24-well plates with porous filters without coating (the pore size was 8 μm) were used for the evaluation of cell migration, and Matrigel (BD Biosciences) porous filters with coating were used for the examination of cell invasion. Briefly, 2 × 10 4 cells in serum-free DMEM (0.2 mL)
were seeded into the inserts for 8 hours. And then 0.6 mL DMEM with 10% FBS was added in the lower portion of the chamber as a chemoattractant. The cells that transferred to the lower well of the chamber were stained using crystal violet.
| Xenograft models
All animal care and experimental procedures in the current study were approved and guided by Animal Ethics Committee of China Medical University. For the analysis of tumor growth, 5 × 10 6 JHU-012 mock transfectants were injected subcutaneously into the left flanks of male C57BL/6 mice, and an equal number of CUL4B transfectants were injected into the right flanks (n = 6). The tumor volumes were observed for 20 days, and the excised tumor tissues were weighed and analyzed by immunohistochemistry. The surgically removed tissues underwent paraffin-embedding for subsequent experiments.
| Statistical analysis
All data analysis was performed using GraphPad Prism VI (San Diego, CA, USA with the adjusted normal tissues ( Figure 1A ). As CUL4B gene locates in the chromosome X, we analyzed the expression of CUL4B in HNSCC tissues in male and female. Our results showed that CUL4B expression is higher in female HNSCC tissues. However, the statistics is not significant ( Figure 1B) . We further randomly chose 5 paired tissue samples to assess CUL4B protein levels by Western blotting. In line with previous studies, we found that the protein levels of CUL4B were increased in the HNSCC tissue samples ( Figure 1C) . These results were confirmed by immunohistochemistry. CUL4B had a higher expression level in almost every cancer tissue than in nontumor tissues ( Figure 1D ). To determine whether the expression level of CUL4B was correlated with clinicopathological characteristics, the level of CUL4B expression was classified as either a high expression level (staining index > 6) or a low expression level (staining index ≤ 6). Interestingly, the results revealed that CUL4B was highly expressed in 50% (33/66) of HNSCC tumors, whereas only 11% (1/8) of nontumor tissues expressed high levels of CUL4B. According to the Kaplan-Meier survival analysis, the survival rate was dramatically lower in HNSCC patients who had high expression levels of CUL4B in comparison with those who had low expression levels of CUL4B ( Figure 1E ). These data reveal that CUL4B is frequently upregulated in head and neck squamous cell carcinoma and that its expression is associated with high histology grade and poor prognosis.
| CUL4B regulates malignant phenotypes and epithelial-mesenchymal transition in HNSCC cells
To explore the role of CUL4B in malignant phenotypes in HNSCC cells, we analyzed colony formation and cell growth, invasion, and migration. As shown in Figure  2A ,B, knockdown of CUL4B significantly inhibited cell growth in JHU-012 cells, whereas CUL4B overexpression resulted in enhanced growth. Consistently, overexpression of CUL4B increased the number of anchorage-dependent colonies, whereas knockdown of CUL4B slightly decreased the number of colonies (Figure 2C,D) . Interestingly, invasion and migration were dramatically promoted by overexpression of CUL4B, while invasion and migration were decreased by CUL4B knockdown (Figure 2E,H) . Cell invasion and morphological changes are tightly associated with epithelial-mesenchymal transition (EMT). Therefore, we analyzed the levels of epithelial markers, such as ZO-1 and E-cadherin, as well as the level of vimentin, which is a mesenchymal marker, using Western blotting. These results strongly suggested that the overexpression of CUL4B suppressed the expression of ZO-1 and E-cadherin and increased the expression of vimentin in JHU-012 cells. In contrast, knockdown of CUL4B increased the expression of E-cadherin and ZO-1 but decreased the expression of vimentin in the cells (Figure 2I,J) . Together, these data indicate that CUL4B can not only modulate HNSCC cell growth but also regulate colony formation, cell migration and invasion and EMT in vitro.
| CUL4B enhances the activation of the
Wnt/β-catenin signaling pathway
Next, we found that the knockdown of CUL4B in JHU-012 cells obviously decreased the protein and mRNA levels of β-catenin, cyclin D1, c-myc, and MMP7. Overexpression of CUL4B increased the protein and mRNA levels of MMP7, c-myc, cyclin D1, and β-catenin ( Figure 3A-C) . These results support the idea that CUL4B regulates the Wnt/β-catenin signaling pathway. To reinforce the evidence of this regulation, the level of the active form of β-catenin was examined. The level of activated β-catenin (nonphospho β-catenin (Ser33/37/Thr41)) was significantly increased in cells overexpressing CUL4B and reduced in JHU-012 cells lacking CUL4B ( Figure 3D ). The effect of CUL4B on the activity of β-catenin signaling was also analyzed using the TOP/FOP Flash assay, which is a well-established dual-luciferase reporter assay for TCF/β-catenin. The TOP Flash reporter contains TCF-responsive sites. However, the FOP Flash reporter contains mutant TCF binding sites, which serve as negative controls. Based on the results, we found that TOP Flash luciferase activity was significantly reduced when CUL4B was knocked down, while the overexpression of CUL4B promoted the activation of the TCF reporter ( Figure 3E,F) . Therefore, the above findings indicate that CUL4B plays a key role as a positive mediator of Wnt/β-catenin activity.
| Wnt/β-catenin signaling regulates
CUL4B function in HNSCC cells
We then treated HNSCC cells that were overexpressing CUL4B with XAV-939, a Wnt/β-catenin signaling inhibitor. We found that cell growth was significantly suppressed following XAV-939 treatment in cells overexpressing CUL4B ( Figure 4A) . Furthermore, the results from transwell assays showed that blockade of the Wnt/β-catenin pathway significantly abolished CUL4B-enhanced cell migration and invasion ( Figure 4B,C) .
| CUL4B promotes tumor growth in xenograft model
To investigate the effects of CUL4B on tumor growth in vivo, we established xenograft tumors with CUL4B-, vector-, sh-CUL4B-, and shRNA-con-transfected cells in BALB/c nude mice. Compared with that of the shRNA-con group, the tumor volume of the sh-CUL4B group was significantly smaller at the 20th day after inoculation. Similarly, compared with the control group, the CUL4B group had greater growth. The shRNA-con group and control group tumors were not significantly different in growth ( Figure 5A,B) . Compared to the shRNA-con group, the sh-CUL4B group had lower tumor weights. The tumor weight was higher in the CUL4B group than in the control group. In addition, no difference in tumor weight was observed between the shRNA-con and control groups ( Figure 5C ,D). CUL4B expression was confirmed by Western blotting (Figure 5E,F) . In addition, β-catenin was found upregulated in the CUL4B group compared to the control group ( Figure 5E ). Moreover, compared with the shRNA-con group, CUL4B reduced in the sh-CUL4B group ( Figure 5F ). Immunohistochemistry analysis revealed that the knockdown of CUL4B obviously reduced tumor growth, as revealed by Ki67 staining, while CUL4B overexpression promoted tumor growth ( Figure 5G,H) . Furthermore, the expression of MMP7, c-myc, cyclin D1, and β-catenin was upregulated in CUL4B-overexpressing group in comparison with the control group ( Figure 5I ).
| Angiogenesis is enhanced by high expression levels of CUL4B in HNSCC tissues
The α-SMA-and CD31-staining results demonstrated that there were pericytes and vascular endothelial cells in the blood vessels. There were more α-SMA-and CD31-positive cells in tumors overexpressing CUL4B in comparison with the control tumors ( Figure 6A ), suggesting that high expression levels of CUL4B facilitate tumor angiogenesis. We next investigated the levels of proteins that were related to tumor metastasis and angiogenesis in the sera of mice bearing control and CUL4B
F I G U R E 3 CUL4B enhances
Wnt/β-catenin signaling in HNSCC cells. A, mRNA level of β-catenin, cyclin D1, c-myc, and MMP7 in vector or CUL4B overexpressed JHU-012 cells was determined by qRT-PCR. B, mRNA level of β-catenin, cyclin D1, c-myc, and MMP7 in sh con or sh CUL4B JHU-012 cells was determined by qRT-PCR. C, Protein level of β-catenin, cyclin D1, c-myc, and MMP7 in the indicated group was determined by qRT-PCR and Western blotting. (D) Levels of the active form of β-catenin in JHU-012 cells with knockdown or overexpression of CUL4B. E and F, The activity of TCF/β-catenin reporter (TOP/ FOP Flash) in CUL4B-knockdown (E) and CUL4B-overexpressing cells (F). *P < 0.05; **P < 0.01 F I G U R E 2 Effects of CUL4B on malignant phenotypes in HNSCC cells. A, Cell viability of JHU-012 cells transfected with vector or CUL4B was analyzed by MTS assays at different time points. B, Cell viability of sh con or sh CUL4B JHU-012 cells was analyzed by MTS assays at different time points. C, Effects of CUL4B overexpression on anchorage-dependent colony formation. Scale bar: 10 mm. D, Effects of CUL4B knockdown on anchorage-dependent colony formation. Scale bar: 10 mm. E, CUL4B overexpression regulated transwell cell invasion and F, Matrigel invasion. Scale bar: 50 μm. G, CUL4B knockdown regulated transwell cell invasion and H, Matrigel invasion. Scale bar: 50 μm. I, Expression of epithelial markers, E-cadherin and ZO-1, and mesenchymal markers, vimentin, was analyzed by Western blotting in vector or CUL4B-transfected JHU-012 cells. J, Expression of epithelial markers, E-cadherin and ZO-1, and mesenchymal markers, vimentin, was analyzed by Western blotting in sh con or sh CUL4B JHU-012 cells. *P < 0.05; **P < 0.01 overexpressing tumors. Notably, the protein levels of LOX, MMP9, and VEGF in the sera of mice bearing tumors overexpressing CUL4B were increased compared to those of control mice ( Figure 6B) . Additionally, the levels of LOX, VEGF, and MMP9 were markedly elevated in tumors overexpressing CUL4B compared to control tumors ( Figure 6C ), demonstrating that the elevated levels of those proteins in the serum were probably caused by the enhanced expression of CUL4B in tumors. These results strongly suggest that metastasis and angiogenesis are stimulated by high expression levels of CUL4B in HNSCC via increased expression of MMP9, LOX, and VEGF.
| DISCUSSION
CRL4B is a component of CRL4B that can target different substrates for protein modification or proteasomal degradation. 13 Recently, high expression levels of CUL4B have been found in a variety of human malignancies, such as cervical cancer, esophageal cancer, liver cancer, and osteosarcoma, and these enhanced expression levels are positively correlated with tumor progression. 11, [14] [15] [16] Our study showed that CUL4B upregulation in HNSCC tissues was associated with worse tumor grade and shorter survival. EMT is considered a key step in tumor invasion and metastasis. HNSCC, which is known to have EMT characteristics, shows more vascular invasion and metastases, as well as a poorer prognosis. 17, 18 It has been reported that CUL4B knockdown in NSCLC inhibits EMT progression and decreases the level of c-myc, cyclin D1, and β-catenin. 19 In addition, CUL4B
overexpression significantly enhanced the growth of hepatocytes in liver cells in a recently established mouse model. 20 Here, we investigated whether CUL4B expression regulates EMT in HNSCC cells to determine whether CUL4B drives tumor proliferation. Recent reports have suggested the abnormal activation of Wnt/β-catenin signaling in several human malignancies including HNSCC. 21, 22 Abnormal activation of the Wnt/β-catenin signaling pathway has been shown to be closely related to the oncogenic effects of various types of cancers. 23, 24 Wnt/β-catenin signaling activity is associated with poor histological differentiation, aggressive invasion, and chemoresistance in HNSCC. 25 Moreover, targeting Wnt/β-catenin signaling is an attractive option for the treatment of various types of human cancers such as HNSCC. 22, 26 Previous studies have shown that CUL4B functions as a positive regulator of Wnt/β-catenin signaling by transcriptionally reducing several Wnt antagonists including DKK1 and PPP2R2B, leading to protect of β-catenin from GSK-3-mediated degradation. 11 In the present study, CUL4B activated the Wnt/β-catenin pathway, and CUL4B-induced cell migration, invasion, and metastasis were inhibited by Wnt/β-catenin inhibitors. CUL4B knockdown significantly decreased the level of β-catenin and the level of the target gene, whereas overexpression of CUL4B increased the accumulation of β-catenin and the level of target gene. These findings provide new information regarding the function of CUL4B in HNSCC; it also provides clues for the development of novel therapies for HNSCC. Although we could not exclude the effects of other growth factors or proteinases from our experimental conditions, CUL4B-mediated tumor malignancy may mainly occur through the activation of the Wnt/β-catenin pathway. Therefore, it is necessary to understand in more detail the functions and regulatory mechanisms involved in the activation of the Wnt/β-catenin signaling pathway in HNSCC in order to improve the efficacy of targeted therapies. Therefore, targeting CUL4B in a tumor microenvironment may produce similar results as targeting multiple kinases in cancer cells. Taken together, our results suggest that CUL4B regulates Wnt/β-catenin F I G U R E 4 Wnt/β-catenin signaling regulates CUL4B functions in HNSCC cells Effects of XAV-939, on CUL4B-enhanced cell proliferation (A), migration (B), and invasion (C). Scale bar: 50 μm. Cells were treated with XAV-939 or DMSO during the migration and invasion assays. **P < 0.01
